Surface functionalization of superparamagnetic iron oxide nanoparticles (SPIONs) remains indispensable in promoting colloidal stability and biocompatibility. We propose a well-defined and characterized synthesis of a new catechol-functionalized RAFT (reversible addition-fragmentation chain transfer) poly (vinyl alcohol) polymer, which can be anchored onto hydrophobic SPIONs via a one-pot emulsion ligand exchange process. Both single and clustered nanoparticles are obtained and can be separated from each other. As clustered SPIONs are receiving increasing attention, this new macroligand might be of considerable interest for both basic and applied sciences.
Introduction
Over the past decade, nanoparticles have become increasingly prominent and particularly promising in modern-day medicine [1] . Superparamagnetic iron oxide nanoparticles (SPIONs) are forerunners in this development [2] due to their fascinating physico-chemical [3, 4] (i.e. superparamagnetic) properties, which make them exceptional candidates for a broad variety of clinical applications, ranging from basic contrast agents [5] [6] [7] [8] or thermoregulators [9] to sophisticated drug delivery vectors [10] [11] [12] [13] . Nonetheless, the therapeutic window with respect to the efficiency of these materials, in other words the size range in which these properties can be exploited, is relatively small: nanoparticles larger than approximately 20 nm [14] lose their superparamagnetic properties, whereas ultrasmall single nanoparticles (i.e. hydrodynamic diameter o5.5 nm) are easily cleared by the kidneys [15] .
A recent strategy to circumvent this dilemma is to create large clusters of small SPIONs [16, 17] , thus enclosing individual superparamagnetic properties into one functional unit. It is known that iron oxide clusters present peculiar magnetic properties [16, 18] . For example, the net magnetization is higher for SPION clusters than for individual SPIONs [4, 18, 19] , which offers enormous potential in therapeutics [4] , magnetic resonance imaging (MRI) [16, 19, 20] and hyperthermia [9, 21] . However, obtaining these constructs necessitates a bottom-up approach and control of the synthetic pathways and materials at a basic level, making the chemical aspects critical to creating future nanomaterials for application-oriented purposes.
Moreover, a key point is the surface chemistry: nanomaterials need to be firmly coated with specific polymers in order to reinforce their colloidal stability and biocompatibility [22, 23] . Without them, nanoparticles tend to aggregate or be removed by the reticuloendothelial system. Several FDA-approved polymers [24] are presently available on the market, such as polyethylenimine (PEI), polyvinylpyrrolidone (PVP), dextran, or polyethylene glycol (PEG), the latter being arguably the most popular polymer in pharmaceutical formulations. However, conventional PEG has a low degree of functionality. Moreover, further synthetic steps are required to increase the number of functional groups on the polymer chain end to enable subsequent chemical coupling (e.g. of fluorescent dyes or targeting moieties).
In this study, we investigate a substitute custom-made polymer to provide an alternative macromolecule for surface coating. For this task, we synthesized poly(vinyl alcohol) (PVA), a biocompatible, water-soluble and non-toxic polymer [25] . To firmly anchor PVA onto the nanoparticle surface, we selectively introduced a catechol linker [26] at the chain end of poly(vinyl acetate) synthetized via reversible addition fragmentation transfer (RAFT), [27] as it is known that these moieties present strong affinities toward iron oxide surfaces [8, 24, 28, 29] . The polymer was then coated onto monodisperse hydrophobic SPIONs coated with oleic acid via ligand exchange during an emulsion process [18, 30] . This procedure yielded both single and clustered nanoparticles in aqueous solution. To isolate the clusters, we utilized a recently developed magnetic microreactor [31] .
This approach yields a well-defined and characterized coating molecule, which can be used to obtain iron oxide nanoparticles organized in both monodisperse and clustered states. In turn, this opens the door for a broader scope of application.
Material and methods

Materials
AIBN (98%), chloroform (99.8%) hexane (4 99%), diethylether (4 99%), dopamine hydrochloride, ethyl-2-bromo propionate, Nmethoxycarbonylmaleimide (4 97%), potassium hydroxide (85%), triethylamine (499%) and dichloromethane (99.9%) were purchased from Sigma Aldrich, magnesium sulfate ( 498%) from SDS. Sodium hydrogen carbonate (100%) and ethyl acetate (99.5%) were obtained from Reactolab SA, sulfuric acid (95-97%), methanol (99%) and thin layer chromatography (TLC) sheets from Merck. Vinyl acetate (4 99%) was freshly distilled to remove polymerization inhibitors. n-hexylamine (99%), triethylphosphite (98%) and carbon disulfide were purchased from Acros and ethanol p.a. from VWR. Deuterated solvents (499%) were obtained from Cambridge Isotope Laboratory.
Experimental procedures
All reactions were carried out under inert atmosphere (argon flux). All reactants were added with a syringe. The solvent was removed by rotary evaporation at 40 1C, and compounds were dried under high vacuum on a Schlenk line. Visualization was performed with a 254 nm or 365 nm UV-vis spectrophotometer. Flash column chromatography was performed on a Biotage Isolera One chromatography system.
A first Cat-PVAc molecule of 9000 g/mol was synthesized and used for cluster formation. As a proof of concept, another shorter Cat-PVAc of 2000 g/mol was synthetized in order to obtain mono-isotopic resolution and was fully characterized by NMR (Fig. 1I , III and IV), gel permeation chromatography (GPC, I and III) and matrix-assisted laser desorption ionization time-of-flight (MALDI-ToF) (III).
Polymer synthesis 2.3.1. RAFT agent [ethyl 2-(ethoxythiocarbonylthio)propanoate)]
Carbon disulfide (18 g, 236.8 mmol, and 1.0 eq.) was added dropwise to a stirred solution of potassium hydroxide (13 g, 232.0 mmol, 1.0 eq.) in ethanol (100 g). After stirring for 2 h, the solution was cooled down to 5 1C and filtered. The crude product recrystallized twice from warm ethanol in form of a yellow powder. A total yield of 24.2 g (150.9 mmol, 65.0%) was quantified.
Ethyl-2-bromo propionate (10.6 g, 58.6 mmol, 1.0 eq.) in dry acetonitrile (2 mL/mmol) was cooled down to 0 1C. Potassium ethyl xanthogenate (10 g, 62.4 mmol, 1.1 eq.) was then added portionwise. The suspension was stirred at room temperature for 2 h before the solvent was removed under reduced pressure. After re-dissolving in dichloromethane, the organic phase was washed with Milli-Q water and saturated brine (35.7% w/w), dried over magnesium sulfate and concentrated in vacuo. The crude product was purified via column chromatography with a hexane:diethylether (19:1 to 9:1) mixture acting as eluent, resulting in a colorless liquid and a total yield of 8.1 g (36.4 mmol, 62.1%).
Catechol-maleimide linker
The procedure described by Geiseler et al. [26] was modified. N-methoxycarbonylmaleimide (1.6 g, 10.5 mmol, 1.0 eq.) was added at 0 1C to a stirred solution of dopamine hydrochloride (2.0 g, 10.5 mmol, 1.0 eq.) in saturated aqueous sodium hydrogen carbonate (60 mL). After 20 min, the reaction was diluted with water (200 mL) and stirred at room temperature for 40 min. After acidifying to pH 1-2 using concentrated sulfuric acid, the aqueous phase was extracted with ethyl acetate. The combined organic layers were dried and concentrated under reduced pressure (5 mbar). The crude product was purified by column chromatography using a dichloromethane:methanol (20:1) mixture as an eluent, leading to a yellow solid and a yield of 629 mg (2.7 mmol, 25.6%).
PVAc (I)
The procedure described by Lipscomb et al. [27] was modified. A mixture of freshly distilled vinyl acetate (10,0 g, 116.2 mmol, 23.2 eq), AIBN (82.1 mg, 0.5 mmol, 0.1 eq.) and ethyl 2-(ethoxythiocarbonylthio)propanoate (1.1 g, 5.0 mmol, 1.0 eq. ) was degassed and fully immersed in a pre-heated oil bath (70 1C). The polymerization was thermally quenched using an ice bath after 16 h. The polymer was subsequently dissolved in dichloromethane and precipitated in a 10-fold excess of ice-cold hexane.
Aminolyzed PVAc (II)
The procedure described by Ho et al. [32] was modified. A mixture of poly(vinyl acetate) (147 mg, 0.1 mmol, 1.0 eq.), triethylphosphite (0.4 mL, 2.3 mmol, 28.1 eq.) in dichloromethane (2 mL) was degassed. Degassed n-hexylamine (100 mL, 0.8 mmol, 9.8 eq.) was added dropwise and stirred for 2.5 h at room temperature under inert atmosphere. The excess of n-hexylamine was removed by vacuum (10 À 2 mbar).
Cat-PVAc (III)
A mixture of 1-(3,4-dihydroxyphenethyl)-1H-pyrrole-2,5-dione (61.0 mg, 0.3 mmol, 3.2 eq.), triethylamine (0.4 mL) and methanol (2 mL) was added dropwise and the reaction stirred under Argon at room temperature overnight. The desired catechol-functionalized poly(vinyl acetate) (Fig. 1III) was purified by recycling GPC in chloroform. For this step, a Japan Analytical Industry Next System equipped with a JAIGEL 2H and a JAIGEL 1H column in series was used. The detection was performed using a UV detector at 254 nm. 10 wt% solutions of the sample in chloroform were prepared and eluted with chloroform at a flow rate of 3.5 mL/min.
Cat-PVA (IV)
A mixture of Cat-PVAc (26.3 mg, 16.0 mmol, 1.0 eq.) in methanol (1 mL) was added dropwise to a preheated solution (65 1C) of sodium hydroxide (120 mg, 3.0 mmol, 187.5 eq.) in methanol (1 mL) and stirred overnight at constant temperature. After cooling down to room temperature, the polymer was purified by dialysis in methanol and Milli-Q water (4:1).
SPION functionalization
Oleic acid-coated SPIONs (average core diameter7SD¼ 9.67 0.6 nm, measured by transmission electron microscopy, Supp. Fig. 7A/B) synthesized by thermal decomposition [33] were mixed with hydrophilic Cat-PVA for a ligand exchange phase transfer process in a particle:water/cat-PVA mass ratio of 10:1 (Fig. 1) . The phase transfer emulsion process was carried out under magnetic stirring (750 rpm) for 12 h at room temperature. The aqueous phase was then collected using a pipette and diluted to 1 mg of Cat-PVA/mL. The sample was then heated at 65 1C to remove turbidity. To separate undesired large aggregates from the other particles, the aqueous suspension was placed against a strong permanent magnet (Maurer Magnetic AG, Switzerland) for 12 h. This procedure was repeated three times. The supernatant of newly functionalized nanoparticles was then transferred to a glass flask and stored at 4 1C.
Magnetic purification was performed by passing the clusters through a previously developed and described microreactor [31] . They were retained within the device due to their high magnetization and subsequently collected, while single nanoparticles were collected in the flow-through fraction.
Transmission electron microscopy (TEM) and electron tomography
All samples were dried on regular TEM square mesh copper grids (Electron Microscopy Sciences, CF-300-Cu, carbon film) and then investigated with a Tecnai F20 transmission electron microscope (FEI). Micrographs were recorded with an UltraScan ™ 1000 CCD sensor (Gatan, Inc.). For electron tomography, images were subsequently acquired at sample holder tilting angles between 7601 with increments of 11. Tomographic reconstruction (Supp. [25, 34, 35] and in vivo [36] applications. However, the PVA used in these studies do not contain any specific anchoring group. PVA is known to adsorb non-specifically onto oxide surfaces, and the interaction of the polymer with the particle surface results from hydrogen bonding between polar functional groups of the polymer and hydroxylated and protonated surface sides of the oxide [25, 37, 38] . This relatively weak interaction may however lead to polymer desorption from the surface once exposed to proteins in physiological media or under high shear forces [38] .
Results and discussion
Polymer synthesis
PVA-coated SPIONs have been previously used for in vitro
To avoid this potential problem, a maleimide catechol linker was attached to a RAFT poly(vinyl acetate). The RAFT polymerization of vinyl acetate was based on previously published reports [27] . After 17 h of bulk polymerization, the desired xanthate endfunctionalized PVAc (Fig. 1I) The thiolated form (Fig. 1II) was acquired by following a onepot xanthate moiety aminolysis under inert reducing atmosphere while using n-hexylamine and triethylphospite [32] . In 1 H-NMR, the disappearance of the methylene signal within the RAFT agent moiety at 4.7 ppm strongly indicates a complete aminolysis (See Supporting information, 7.8.). Excess n-hexylamine was removed in order to avoid competitive addition to the catechol-maleimide linker (structure: 1-(3,4-Dihydroxyphenethyl)-1H-pyrrole-2,5-dione). The polymer was subsequently functionalized with the maleimide catechol linker [26] by 1-4 Michael addition, in which a degree of functionalization of 54% was reached (Fig 2A) . The remaining non-functionalized polymer was most likely caused by disulfide coupling (SI Fig. E) . Nonetheless, these disulfide species do not have any impact on the following nanoparticle coating steps, as they do not bind to iron oxide surfaces. The functional polymer was finally hydrolyzed in methanol under basic conditions and purified by dialysis.
As expected for a quasi-living polymerization technique, such as the RAFT process, the molecular weight of the polymer synthesized can be controlled by the monomer-to-CTA ratio. The molecular weight calculated by NMR (1600 g/mol, Fig. 2A) is smaller than the target value of 2000 g/mol, thus indicating a monomer consumption of up to 70%. Nevertheless, gel permeation chromatography showed a narrow molecular weight distribution, PDI ¼1.2.
The molecular weight was calculated from the ratio of the methylene signal of the ethyl ester located at the beginning of each polymer chain (4.1 ppm) and the signal of the repeat units (4.9 ppm). Additionally, the degree of functionalization was determined by comparing the same methylene signals (4.1 ppm) to the aromatic signals of the catechol group (6.6-6.8 ppm). This indicated a 54% conversion of the dithioester into the catecholfunctionalized polymer (III), as shown in Fig. 2A .
MALDI-Tof/MS was used to verify the controlled synthesis of poly(vinyl acetate) (I) and its functionalization with a catechol group selectively at the chain end (III). Absolute molecular weights were determined and different species mono-isotopically resolved. The major species (Fig. 2B) can be assigned to the desired product (III) carrying an ethyl ester and a catechol end group, as well as sodium for ionization. The major peak at 1938.74 g/mol (Fig. 2C Due to the high laser power that was needed during the measurement, it cannot be excluded that these are degradation products formed during the measurement itself.
Cluster formation, purification and characterization
The linking and phase transfer of hydrophobic nanoparticles primarily resulted in a heterogeneous sample of both single and clustered nanoparticles (Fig. 3A) . In all, the ligand exchange and phase transfer could be conducted with an overall transfer efficiency of 50%. The remaining nanoparticles were irreversible aggregates. The nanoparticle suspension remained colloidally stable in water for weeks, which is strongly indicative that the PVA was anchored to the surface. The clusters were successfully separated from the single nanoparticles (Fig. 3B/C) by the magnetic microreactor.
The clusters exhibited a systematic round shape (Fig. 3A /C, Supp. Fig. 7C ) and overall diameters between 40 and 80 nm. To investigate the architectural properties of the clusters and their nanoparticles more in detail, subsequent tilt series were acquired and used to generate a tomographic reconstruction (Fig. 3D) . The three-dimensional rendering further highlights the spherical aspect and overall structure of these compounds. In all, this morphology was typical for most clusters obtained by this procedure. However, whether it is a direct consequence of the chosen surface polymer is only speculative. 
Conclusions
On one hand, stable and monodisperse nanoparticles are highly sought after, yet magnetic clusters are also becoming increasingly popular materials for further investigation (e.g. for MRI or magnetic fluid hyperthermia). As a contemporary example, they are promising components of recently developed magnetic liposomes [13] , which rely on well-defined and densely loaded clusters composed of individual superparamagnetic nanoparticles.
A straightforward emulsion process was sufficient to mount this polymer onto the iron oxide nanoparticle surface. The resulting single and clustered nanoparticles remained stable in water after ligand exchange, and could be successfully separated from each other. The use of this new polymer led to the formation of highly uniform clusters, which has not been observed with SPIONs and PVA before. With this setup, we provide a strongly linked and well characterized catechol-functionalized PVA as an alternative to standard and broadly used PEG, and show that this polymer is a promising candidate to obtain nanoparticle clusters. These materials in turn might be of interest for basic cluster studies or even future biomedical application. 
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